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Abstract 
The success of tissue engineering is strongly dependent on the ability to produce biomimetic scaffolds that mimic the 
biomechanical properties of the native host tissues. Additive Manufacturing techniques, namely Biomanufacturing are 
increasingly being recognized as the ideal methods to produce 3D porous structures. These systems produce scaffolds with an 
effective control over pore size/shape and spatial distribution. The BioExtruder system is one of the existing additive 
biomanufacturing systems for tissue engineering applications. The working principle is based on the extrusion of thin filaments 
of low melting point biomaterials in a layer-by-layer fashion. There are several process and geometric parameters controlled by 
the BioExtruder system with a direct influence on the morphological and mechanical properties of the extruded scaffolds. This 
research work is focused on the geometric parameters, namely the pore architecture (lay-down pattern of the filaments) and the 
pore size regarding the scaffold’s permeability. 
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1. Introduction 
Scaffold-based strategies represent the most promising approach of Tissue Engineering. Scaffold is the initial 
tridimensional biomechanical support for cell colonization, migration, growth and differentiation [1-3]. 
Tridimensional scaffolds used in conjunction with living cells and biologically active molecules demonstrated 
promising results for tissue/organ repair and/or regeneration [4-7]. 
An ideal scaffold must satisfy some requirements, it should be biocompatible and biodegradable at a proper 
degradation rate matching the regeneration rate of the host tissue. It also should enable the diffusion of cell 
nutrients and oxygen and the establishment of a suitable mechanical and biological environment for the cells to 
secrete their own extracellular matrices in an organized way. Architecturally, the porosity, pore size and shape and 
pore interconnectivity are very important, playing an important role in promoting cellular migration, cellular 
bridging, vascularisation and new tissue ingrowth. Depending on the application, the optimal porosity and pore size 
diverge. Scaffolds must provide sufficient mechanical strength and stiffness to firstly maintain its structural 
stability during manipulation/implantation process, and later to provide structural support and allow transmission of 
regeneration enhancing forces to the host tissue site, withstanding the stresses in this environment. It may result in 
consequential reabsorption of native tissue, if there is not an appropriate stiffness and material strength at the site of 
implantation. A biomimetic scaffold should also be bioactive. It must be able to recruit cells from the surrounding 
native tissue, supplying a dynamic transmission of chemical, biological and mechanical signals [1-12]. 
Vascular permeability, often in the form of capillary permeability or microvascular permeability, characterizes 
the capacity of a blood vessel wall to allow the flow of small molecules (ions, water, nutrients) or even whole cells 
(lymphocytes on their way to the site of inflammation), in and out of the vessel. Blood vessel walls are lined by a 
single layer of endothelial cells. The gaps between endothelial cells (cell junctions) are strictly regulated, 
depending on the type and physiological state of the tissue. Based on this principal, scaffold permeability is defined 
as the capacity of the scaffold to allow the flow of small molecules or whole cells, in and out of the scaffold. 
Furthermore, the design of the scaffold architecture using different manufacturing techniques also plays an 
important role in determining scaffold stiffness [13]. Additive manufacturing (AM) processes represent a new 
group of non-conventional techniques that recently emerged in the medical field. These techniques allow the 
production of scaffolds with well-defined and reproducible architectures [2, 13-15]. Several additive technologies 
have already been used to design and manufacture scaffolds for medical applications, including fused deposition 
modeling (FDM), stereolithography (SLA), Inkjet printing, and selective laser sintering (SLS) [16, 17]. 
This research work focuses on the geometric parameters, namely the pore architecture (lay-down pattern of the 
filaments) and the pore size regarding the scaffold’s permeability. 
2. Scaffold production 
3D scaffolds were produced using a biofabrication system called Bioextruder (Fig. 1). This system enables the 
fabrication of mono and multi-material scaffolds through a layer-by-layer manufacturing process. Rectangular 
prisms, produced in polycaprolactone (PCL). PCL pellets (CAPA 6500) with molecular weight of 50.000, were 
obtained from Perstorp Caprolactones (Cheshire, United Kingdom). 
 
 
Fig. 1. Bioextruder system. 
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PCL scaffolds have a dimension of 30 x 30 x 3.36 mm, filament distance (FD) of 650 μm and three different 
pore architectures (0/90º, 0/60º and 0/45º) (Fig. 2). Figure 3 illustrates the microscopic images of the pore 
architecture. Initially, the 3D structures were designed using computer aided design (CAD) software (SolidWorks, 
Dassault Systèmes S.A.). The processing conditions used to produce PCL scaffolds were 50 rpm of screw rotation 
velocity (SRV), 20 mm/s of deposition velocity (DV), 80ºC of liquefier temperature (LT), 280 μm of slice 
thickness (ST) and 300 μm of nozzle diameter (RW) (fig. 3) [8, 11]. 
 
a)  b)  c)  
Fig. 2. Scaffold pore architectures: a) 0/90º, b) 0/45º and c) 0/60º. 
 
Fig. 3. PCL scaffolds with different lay-down patterns: a) 0/90º, b) 0/45º and 0/60º. 
 
Fig. 4. Scaffold design parameters. 
In a previous research work, Ferreira [18] investigated the influence of the pore architecture and pore size on the 
mechanical’s performance. Figure 5 illustrates the high dependence of the scaffold’s mechanical performance on 
the scaffold’s pore architecture. 
 
a) b) c) 
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Fig. 5. – Variation of the mechanical properties of different topologies [18]. 
3. Darcy’s Law 
Darcy's law is a phenomenologically derived constitutive equation that describes the flow of a fluid through a 
porous medium. The law was formulated by Henry Darcy based on the results of experiments on the flow of water 
through beds of sand. 
Darcy's law is a simple proportional relationship between the instantaneous discharge rate through a porous 
medium, the viscosity of the fluid and the pressure drop over a given distance: 
  (1) 
The total discharge, Q (units of volume per time, e.g., m3/s) is equal to the product of the permeability of the 
medium, k (m2), the cross-sectional area to flow, A (units of area, e.g., m2), and the pressure drop (Pb - Pa), all 
divided by the viscosity,  (Pa·s) and the length over which the pressure drop is taking place (m). The negative sign 
is needed because fluid flows from high pressure to low pressure. If the change in pressure is negative (where Pa > 
Pb), then the flow will be in the positive 'x' direction. Dividing both sides of the equation by the area and using 
more general notation leads to the following equation: 
  (2) 
where q is the flux (discharge per unit area, with units of length per time, m/s) and  is the pressure gradient 
vector (Pa/m). This value of flux, often referred to as the Darcy flux, is not the velocity which the water traveling 
through the pores is experiencing. The pore velocity (v) is related to the Darcy flux (q) by the porosity (n). The flux 
is divided by porosity to account for the fact that only a fraction of the total formation volume is available for flow. 
The pore velocity is the velocity a conservative tracer would experience if carried by the fluid through the 
formation: 
  (3) 
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4. Vascular Simulation and Results 
The main goal for simulating the scaffold vascular behavior is to evaluate the permeability dependence on both 
the pore architecture (lay-down pattern of the filaments) and the pore size of the scaffold. These two parameters are 
the most critical, as they contribute to the scaffold’s mechanical and vascular performance. 
If the scaffold is hosted within a biofluid rich environment, the first step consists of obtaining the geometric 
representation of the existing biofluid, e.g., the empty space within the scaffold unit (Fig. 6). 
 
a)  b)  c)  
Fig. 6. Illustration of a scaffold hosted within a biofluid environment and its resulting volumes a) scaffold with biofluid b) scaffold and c) 
biofluid geometry. 
Flow simulation allows studying the biofluid mass flow, pressure and fluid velocity for different scaffold 
topologies. For simulation purposes, it was considered the biofluid a density of 1080 kg/m3 and a dynamic viscosity 
of 0.0035 Pa·s. An inlet velocity of 0.01 m/s and an outlet pressure of 0 Pa was defined as boundary conditions in 
the simulation. The inlet and outlet of the biofluid flow within a scaffold is illustrated in Fig. 7. 
 
 
Fig. 7. Biofluid flow within the scaffold illustrating the inlet and outlet. 
It is possible to observe the influence of the pore size and pore architecture on the scaffold’s permeability, from 
the numerical simulations. Figure 8 illustrates the influence of the pore size. As the pore size increases, higher are 
the permeability values of the scaffolds. Regarding the pore architecture, the scaffolds with the 0/90º filament 
deposition present higher permeability values when compared to the other two lay-down patterns. It is also possible 
to conclude that the scaffold’s permeability is strongly influenced by the pore size rather than the pore architecture. 
 
= 
+ 
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Fig. 8. Influence of the pore size on the scaffold’s permeability. 
 
Fig. 9. Influence of the pore architecture on the scaffold’s permeability. 
Figure 10 illustrates the influence of the pore architecture on the fluid flow. Results illustrate that the 0/90º lay-
down pattern presents a more laminar fluid flow, as the 0/45º tends to be more turbulent. The scaffolds with the 
0/60º lay-down pattern present the most turbulent fluid flows. The fluid flow behavior is a critical aspect regarding 
the exchange of nutrients and removal of metabolic waste from the cellular proliferation. The 0/90º scaffolds 
present a faster exchange rate, in spite of the 0/60º presenting a more global exchange rate. 
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a)  b)  
c)  
Fig. 10. Influence of the pore architecture on the scaffold’s fluid flow: a) 0/90º b) 0/45º and c) 0/60º. 
5. Conclusions 
The success of tissue engineering is strongly dependent on the ability to produce biomimetic scaffolds that 
mimic the biomechanical properties of the native host tissues. Additive Manufacturing techniques, namely 
Biomanufacturing are increasingly being recognized as the ideal methods to produce 3D porous structures. These 
systems produce scaffolds with an effective control over pore size/shape and spatial distribution. The BioExtruder 
system is one of the existing additive biomanufacturing systems for tissue engineering applications. The working 
principle is based on the extrusion of thin filaments of low melting point biomaterials in a layer-by-layer fashion. 
There are several processes and geometric parameters controlled by the BioExtruder system with a direct influence 
on the morphological and mechanical properties of the extruded scaffolds. 
This research work focuses on the geometric parameters, namely the pore architecture (lay-down pattern of the 
filaments) and the pore size regarding the scaffold’s permeability. Results show that the scaffold’s permeability is 
strongly influenced on the pore size rather than the pore architecture. Thus, the scaffold’s pore size is a critical 
design parameter regarding its performance. Other results also demonstrate that the fluid flow is strongly 
influenced by the scaffold’s pore architecture. Therefore, it is possible to observe that current numerical tools play 
a critical role in the design and definition of the optimal design parameters for tissue engineering scaffolds. 
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